A new type of salt bridge composed of a hydrophobic room-temperature ionic liquid, recently proposed (T. T. Yoshimatsu, Bull. Chem. Soc. Jpn., 2006, 79, 1017), has been shown to be satisfactorily usable in dilute aqueous solutions of submillimolar range. A stable phase-boundary potential has been demonstrated between an ionic liquid, 1-octyl-3-methylimidazolium bis (trifluoromethylsulfonyl) ] and water is maintained constant over more than four orders of magnitude change in the concentration of an aqueous electrolyte solution. The ionic-liquid salt bridge is a superior alternative to salt bridges based on equitransferent electrolytes in practical applications, particularly, the potentiometry of samples of low ionic strengths, such as potentiometric pH measurements of rainwater.
Introduction
We recently proposed a new salt bridge composed of a roomtemperature ionic liquid (RTIL), 1, 2 i.e., a room-temperature molten salt. When a RTIL is moderately hydrophobic, so that the solubility of the RTIL in an aqueous solution (W) is on the order of a few mmol dm -3 or submillimolar, the phase-boundary potential across the interface between the RTIL and W is determined by the partition of the cations and anions constituting the RTIL. 1 The working principle of the RTIL salt bridge is the distribution potential across the RTIL | W interface as the result of a dissolution of RTIL-constituent ions in W. Using 1-octyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([C8mim + ][C1C1N -]), we showed that the phase-boundary potential across the RTIL | W interface stays constant for a change in the concentration of HCl and LiCl between 1 mmol dm -3 and 0.2 mol dm -3 , and even higher in the cases of NaCl and KCl. 2 One immediate and important field of application of such new RTIL-salt bridges is potentiometry, particularly, pH measurements. It has been known for a long time that potentiometric pH measurements of low ionic strength solutions are problematic, mainly because of ill-behaved KCl-type salt bridges. [3] [4] [5] [6] [7] [8] [9] Given the satisfactory behavior of RTIL-salt bridges over a wide concentration range and other advantages over KCl-type salt bridges, 2 it seems worthwhile to examine the applicability of RTIL-salt bridges to low ionic strength aqueous solutions.
There seems to be no reason to believe that the distribution potential built up by the partition of RTIL-constituting ions is disturbed by lowering the concentration of hydrophilic electrolytes in W. However, the diffusion potential due to the dissimilar mobilities of the RTIL-constituent ions in W may become appreciable when the concentration of the electrolyte in the W is lower than the solubility of the RTIL. When the concentration of hydrophilic ions in W is higher than the solubility of the RTIL, the diffusion potential due to the imbalance of the mobility in W of the RTIL-constituent cation and anion is negligible. 2 This is because the transference number of the majority ions prevails and the transference number of the minority ions is insignificant. In other words, the contributions of the mobility and the concentration in W of the RTIL-constituting ions are swamped by those of hydrophilic ions. However, when the concentration of the hydrophilic ions in W is comparable to, or lower than, the solubility of the RTIL in W, this may not be the case. In the present work, we studied the variation of the phase-boundary potential when 10 Reagent-grade KCl was used to prepare aqueous solutions of KCl. After a 0.5-dm -3 solution of 2.00 mol dm -3 KCl was prepared with MilliQ water, solutions of other concentrations were prepared as aliquots of this solution. Ag/AgCl electrodes for potentiometry were prepared by anodizing a silver wire in an aqueous KCl solution.
Methods
The composition of the electrochemical cell is the same as what we previously reported, 1 and is represented as
The cell voltage, i.e., the potential of the right-hand-side terminal referred to that of the left in the cell (1), E, was measured with an electrmeter at a sampling rate of 0.1 Hz, as described elsewhere. 2 The configuration of a glass cell for cell (1) was also the same as what we reported previously. 2 The temperature of the cell was maintained at 25 ± 0.5˚C by circulating water through the jacket part of the glass cell. 2 For experiments with gelled RTIL bridges, a RTIL membrane of 0.5 mm thickness was sandwiched by the upper and lower parts of a cylindrical cell containing aqueous solutions and Ag/AgCl electrodes using a clamp. 2 Potentiometry measurements for gelled bridges were made at room temperature, 25 ± 1˚C. Each potentiometric measurement was usually started within 1 min after filling the aqueous solution in the upper compartment of the cell (phase IV). All other procedures for potentiometry were the same as those reported previously. 2 The conductivity of aqueous solutions of 1-methyl-3-octylimidazolium chloride and lithium bis(trifluoromethylsulfonyl)imide was measured using an a.c. bridge at 25 ± 0.5˚C. Figure 1a shows time courses of E at five concentrations of KCl in W (c W KCl ), i.e., a = 20, 50, 100, 200, and 500. For all of the concentrations, except the lowest, the values of E were stable from the beginning of the measurements, as shown over 15 min in Fig. 1a . The variation of E with the logarithm of the mean ionic activity of KCl is shown as filled circles in Fig. 1b . The mean activity coefficients were calculated using the Debye-Hückel limiting law. 11 The E values fall on the Nernst slope, indicated as the dashed line in Fig. 1b , down to c W KCl = 100 μmol dm -3 . Since this Nernstian response is ascribed to the change in the potential at the Ag/AgCl electrode (phase V in cell (1) -3 KCl is very encouraging for the application of RTIL-salt bridges to the potentiometric pH determination of low ionic strength samples, e.g., rainwater, whose ionic strength is usually 50 μmol dm -3 or higher. 12 Figure 1b shows that at 50 μmol dm -3 the data point deviated from the Nernst slope by about 3 mV downward. The deviation at 20 μmol dm -3 was much larger, but less reproducible for repetitive runs.
Results and Discussion

Stability of the phase-boundary potential across the interface between [C8mim + ][C1C1N -] and a dilute aqueous KCl solution
There are two conceivable reasons for the deviation from the Nernst slope in Fig. 1b . First, the concentration of a few tens of μmol dm -3 is comparable to the solubility of AgCl in pure water, 13 μmol dm -3 at 25˚C. 13 Since the partition of [C8mim + ][C1C1N -] raises the ionic strength in W, the actual solubility of AgCl might be greater than 13 μmol dm -3 and may be comparable to 20 μmol dm -3 . The direction of the deviation in Fig. 1b is indeed in line with an increase in the concentration of Cl -. The Nernstian response of Ag/AgCl electrodes in dilute aqueous solutions has been confirmed down to 100 μmol dm -3 in a Harned cell. 14, 15 Another factor that can give rise to a deviation of the phaseboundary potential from that determined by the partition of C8mim + and C1C1N -ions is the diffusion potential associated with the dissolution of the RTIL-constituent ions into W, as described above. We examined this possibility.
Contribution of diffusion potential
When a RTIL-salt bridge is made to contact with an aqueous solution, the RTIL-constituent cations and anions start to diffuse in the bulk solution phase. If the mobilities of the RTILconstituent cations and anions are not the same in the aqueous solution phase, this diffusion results in a diffusion potential that is added to the distribution potential, as is the case of the liquid 1050 ANALYTICAL SCIENCES SEPTEMBER 2007, VOL. 23 junction potential at the interface between two-immiscible electrolyte solutions. 16, 17 To estimate the magnitude of the diffusion potential at different concentrations of KCl in W, we first measured the molar conductivity of C8mimCl and LiC1C1N (ΛC 8mimCl and ΛLiC 1C1N ) in aqueous solutions at 25˚C for several different concentrations (Table 1) , and evaluated the molar conductivities at 1.6 mmol dm -3 , corresponding to the solubility of [C8mim + ][C1C1N -]. 2 We then estimated the molar ionic conductivities of Cl -and Li + ions at this concentration from the conductivities of LiCl, 111.7 S cm 2 mol -1 at 1.6 mmol dm -3 , obtained by interpolation from the values given in Table 1 . We assumed that the fraction of the molar ionic conductivity of Li + to that of LiCl is the same as that at infinite dilution. The molar ionic conductivities of Li + and Cl -ions at 1.6 mmol dm -3 are then λLi + = 37.6 and λCl -= 74.1 S cm 2 mol -1 , respectively. From the conductivity values of C8mimCl and LiC1C1N in Table 1 , we estimated the molar ionic conductivities of C8mim + and C1C1N -at 1.6 mmol dm -3 to be λC 8mim + = 21.1 and λC 1C1N -= 30.0 S cm 2 mol -1 , respectively.
Since the concentration of KCl is uniform in W, the Henderson equation 18 for the diffusion potential reduces to
where φ W diff is the diffusion potential in W, referred to the electrostatic potential in W at the interface between the RTIL and W, c (Table 2) . It can be seen that the diffusion potential becomes noticeable with decreasing c 
triangles. These data points were plotted after subtracting 2 mV from each measured E value for correcting the difference in E due to the different Ag/AgCl electrodes employed. The deviation from the straight line at 50 and 20 μmol dm -3 were 2 and 9 mV, respectively. The gelled RTIL bridge is preferable for ease of handling and other practical reasons. 
Conclusions
RTIL-salt bridges have been shown to exhibit a stable phaseboundary potential between the RTIL and an aqueous solution over four orders of magnitude change in the concentration of KCl from 100 μmol dm -3 to a few mol dm -3 within 1 mV. This stability over a wide concentration range is a significant advantage over the KCl-type salt bridges, which have a considerable liquid junction potential of about 5 mV or greater upon contact with a dilute aqueous solution. 19 The extension of the workable concentration range to dilute solutions is important not only for practical applications, such as potentiometric measurements of the pH of low ionic strength samples, but also for fundamental studies of the liquid junction potential, a more than century old problem in potentiometry 20 and electrochemistry, in general. [21] [22] [23] Together with the advantage of RTIL-salt bridges, which are free from the problem of clogging the junction at the KCl-type Ag/AgCl electrodes, 24- 
